Fasting promotes triglyceride (TG) accumulation in lean tissues of some animals but the effect in humans is unknown. Additionally, fasting lipolysis is sexually dimorphic in humans, suggesting that lean tissue TG accumulation and metabolism may differ between women and men. This study investigated lean tissue TG content and metabolism in women and men during extended fasting. Liver and muscle TG content were measured by magnetic resonance spectroscopy (MRS) during a 48 hr fast in healthy men and women. Whole-body and hepatic carbohydrate, lipid, and energy metabolism were also evaluated using biochemical, calorimetric, and stable isotope tracer techniques. As expected, postabsorptive plasma FAs were higher in women than men but increased more rapidly in men with the onset of early starvation. Concurrently, sexual dimorphism was apparent in lean tissue TG accumulation during the fast, occurring in livers of men but in muscles of women. Despite differences in lean tissue TG distribution, men and women had identical fasting responses in whole-body and hepatic glucose and oxidative metabolism. In conclusion, TG accumulated in livers of men but in muscles of women during extended fasting. This sexual dimorphism was related to differential fasting plasma FA concentrations but not whole body or hepatic utilization of this substrate.
INTRODUCTION
The primary substrates for energy metabolism in humans are glucose and fatty acids (FA), with the relative importance of each dependent upon food availability (fed ↔ fasting ↔ starvation) (1) (2) . In the fed state, insulin is elevated, glucose utilization predominates, and there is net flow of free FA from liver to adipose tissue. In the transition from fed to fasting, insulin falls leading to increased release of free FAs from adipose tissue that are utilized by lean tissues (e.g. muscle and liver) for energy production or stored as triglyceride (TG). It is clear that the rate of lipolytic release during fasting and starvation exceeds whole-body energy requirements in a sexually dimorphic manner, with women and men having release rates ~64% and ~50% greater than oxidation rates, respectively (3) . This may result in sexually dimorphic lipid and glucose metabolism in muscle and liver.
A significant portion of whole-body FAs are re-esterified to TG in skeletal muscle and liver.
In skeletal muscle this TG appears to function as a local energy source (4) , while in liver most re-esterified FAs are exported as very-low-density lipoprotein bound TG (5) . Surprisingly little is known about the magnitude of lipid redistribution to liver and muscle during fasting or its metabolic consequences in humans. In liver, mouse models suggest that as much as a 14-fold increase in TG content during starvation may be normal (6) . Such a degree of hepatic steatosis in humans has only been reported in pathological states such as obesity and insulin resistance, called non-alcoholic fatty liver disease (7) . Intramyocellular TGs increase during fasting and starvation in women (8) and endurance-trained male athletes (9-10) but sexual dimorphism in this response has not been investigated. Moreover, the redistribution of adipose FAs to liver and muscle may also alter glucose homeostasis: 1) increased FA oxidation in liver stimulates gluconeogenesis and; 2) increased intramyocellular TGs may reduced insulin sensitivity and by guest, on October 14, 2017 www.jlr.org Downloaded from impair glucose disposal (11) (12) (13) (14) (15) . The impact of fasting induced free FA availability on lean tissue TG content and glucose homeostasis in normal women and men is unknown.
The present study investigated changes in lean tissue TG content during a 48 hr fast in healthy men and women using proton magnetic resonance spectroscopy ( 1 H-MRS) and related these findings to changes in carbohydrate, lipid, and energy metabolism determined via biochemical, calorimetric, and MRS-based stable isotope tracer measurements. Multiple stable isotope tracers were employed to evaluate the fasting response of hepatic glucose production, glycogenolysis, gluconeogenesis and metabolic pathways of the TCA cycle. Women and men were examined separately to determine whether known sexually dimorphic fasting lipid metabolism (16) extends to lean tissue lipid accumulation and metabolism during fasting.
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RESEARCH DESIGN AND METHODS
Participants
Healthy individuals were recruited for study at University of Texas Southwestern Medical
Center. The study population was composed of 9 women and 9 men whose characteristics are presented in Table 1 . All of the women studied were pre-menopausal and 2 were taking oral contraceptives. The protocol and consent form were approved by the UTSW Institutional Review
Board and all participants provided written informed consent prior to enrollment. 13 C-NMR and the rate of endogenous glucose production (µmol/kg/min) was used to calculate the absolute fluxes through each of these pathways (23) .
Design
Measurement of hepatic and intramyocellular TG
Planning images were obtained and localized 1 H-NMR spectra were acquired using a 3.0
Tesla ACHIEVA whole-body MR system (Philips Medical Systems, Best, The Netherlands) with subjects in the supine position. For liver, a 2 x 2 x 2 cm volume of interest was positioned in the right hepatic lobe, avoiding major blood vessels, intra-hepatic bile ducts, and the lateral (24) . After the system was tuned and shimmed, spectra were collected using a combination of whole-body and SENSE torso (liver) or knee (muscle) coils for radio frequency signal transmission and reception and a STEAM sequence with interpulse delay Tr=1.6 s, spin echo time Te=14 ms, mixing time Tm=18 ms, 16 acquisitions, and 2048 data points over a 1,500-Hz spectral width. The TG content is expressed as a percent of the methylene groups resonance at 1.40 ppm referenced to the combined signal from both methylenes and water (25) (26) . The typical error for measurement of hepatic and intramyocellular TG was ±0.13%
(r 2 =0.938, slope=0.89) and ±0.16% (r 2 =0.953, slope=0.98), respectively. To obtain these values, hepatic (n=6) and intramyocellular (n=5) TG measurements were performed twice during the same session in some subjects.
Statistical analysis
Statistical analyses were performed using SigmaPlot 11.0 (Systat Software, Inc., San Jose, CA). Differences between two groups were evaluated using the unpaired t-tests.
Proportions were evaluated with the Chi-square test. The significance of trends over the fast was determined using 1-factor repeated-measures analysis of variance (ANOVA). Comparisons of multiple measurements between groups were performed using 2-factor repeated-measures 
RESULTS
Changes in plasma metabolite concentrations over a 48 hr fast
A comparison of metabolic parameters in women and men over the 48 hr fast is presented in Table 2 . Consistent with prior reports, differences in lipid metabolites were apparent between the sexes (16). There was a small but significant rise in plasma cholesterol with fasting that was independent of sex. Plasma TGs were highest in the immediate postprandial period and declined with fasting in both women and men; however, a significant disordinal interaction was encountered between sex and duration of fasting. Men had higher plasma TGs at 4 hr fasted but maintained a lower concentration for the majority of the fast. Plasma free FA concentrations were higher in women than men from 4 to 24 hr fasting (Fig. 1A , average 24 h values shown).
Although there was a significant rise in plasma free FAs in both sexes between 20 and 32 hr fasted, the rate of increase was 4-fold greater in men than women (Fig. 1B) . Despite the sex differences in plasma FA concentrations, there was no significant difference in plasma ketones, with each sex exhibiting similar ketosis during the fasting period ( Fig. 1C and 1D ). We also examined the relationship between plasma free FA and ketones in each gender ( Fig. 1E (P=0.027), VO 2 (P=0.006), and energy expenditure (P=0.008) when compared to men; however, these differences were not present when normalized to lean body weight. The lack of difference in respiratory quotients between the sexes throughout the fast suggested that the altered metabolic response to fasting was not mediated by differential whole-body substrate oxidation.
Effect of fasting on lean tissue TG content
Given the increased FA metabolism during fasting, we determined if a redistribution of this substrate as stored TGs was apparent in lean tissues. Hepatic TG content was similar in women and men at admission to the CTRC (0.9 (0.6-1.9) vs. 0.8 (0.2-1.2) %; P=0.254). Fig. 2A and 2B show the absolute change in liver TGs for women and men from 4-24 and 24-48 hr fasted.
Together these data demonstrated a significant disordinal interaction between sex and duration of fasting for hepatic TG content (P=0.047). The interaction increased in significance when the 4 and 24 hr fasted hepatic TG content were compared between women and men separately (P=0.017); however, neither the interaction nor main effects were significant on separate 
Insulin and glucose excursion after refeeding
In light of the differences in intramyocellular TG content between women and men by the end of the 48 hr fast, we determined if this was accompanied by differences in glycemic control upon refeeding. Some individuals (women=6, men=5) were refed a low-fat meal (60% carbohydrate, 25% fat, and 15% protein; women = 567 and men = 667 kcal) and insulin and glucose excursion were assessed. In the 4 hr after refeeding, peak insulin was significantly higher in women (46 (37-47) differ between sexes (P=0.233). These findings indicated reduced insulin sensitivity in women after short-term fasting.
Endogenous glucose production (EGP), glycogenolysis, and gluconeogenesis during fasting
We next examined how short-term fasting altered hepatic glucose metabolism in a subset of subjects using stable isotope tracers (women = 6, men = 7). Enrollment characteristics of the subset did not differ from that of the study population (data not shown). Subjects were loaded orally with [ 2 H]water to determine the origins of endogenous glucose production (EGP). In addition, subjects received a 2 hr tracer infusion of [3, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]glucose to determine rates of EGP.
No differences in hepatic metabolic fluxes were observed between women or men so the data were combined to examine the effect of fasting on these pathways. EGP declined with fasting duration due to reduced glycogenolysis (P<0.001) (Fig. 3A and 3B) . Although the fraction of circulating glucose derived from gluconeogenesis increased significantly with fasting (P<0.001), the absolute rate of gluconeogenesis remained constant throughout the fast (P=0.704). In addition, the contribution of the precursor from which glucose was synthesized (glycerol vs.
lactate/amino acids) remained constant throughout the fast (P>0.05). Similar results were obtained when the data were normalized to lean body weight (data not shown). These data demonstrated that, despite differences in hepatic lipid accumulation, the rate of gluconeogenesis from all precursors was remarkably stable over the entirety of the fast in both women and men.
Effect of fasting on mitochondrial anaplerosis in liver
In order to examine the impact of fasting on hepatic anaplerosis we analyzed the fasting (Fig. 3A and 3C ), suggesting that there was an unexpected decrease in PC-PEPCK flux.
Nonetheless, the rate of anaplerosis was several fold higher than the actual rate of gluconeogenesis occurring from oxaloacetate (OAA) (Day 1: 3.6-fold vs. Day 2: 2.6-fold; P=0.009). As previously described (21, 27) , the excess production of OAA and PEP was accounted for by pyruvate cycling, a futile cycle usually attributed to pyruvate kinase (PEP → pyruvate) and malic enzyme activity (OAA → malate → pyruvate) with pyruvate returning to the TCA cycle via PC (pyruvate → OAA) (see Fig. 3A ). The rate of pyruvate cycling decreased significantly with fasting (P=0.029), completely accounting for the decrease in anaplerotic flux.
These data indicated that constant gluconeogenesis from OAA in the fasting human (P=0.492) is maintained by decreased pyruvate kinase or malic enzyme activity rather than an induction of PC and/or PEPCK flux.
Hepatic tricarboxylic acid (TCA) cycle activity with fasting
To determine the effect of short-term fasting on terminal substrate oxidation in liver, we assessed hepatic TCA cycle activity by 2 H and 13 C isotopomer analysis of glucose (28) . In contrast to marked fasting ketosis and in spite of an increase in FA availability, TCA cycle turnover diminished during fasting (P=0.021) (Fig. 3A and 3D ). Moreover, there was no difference in TCA cycle activity between the sexes at any time during the fast, even when differences in lean body weight were taken into accounted. 
DISCUSSION
In this study, we examined the effect of fasting on lipid and glucose metabolism in healthy women (n=9) and men (n=9), examining for the first time physiologic changes that occur in hepatic TG content. The classic metabolic effects of fasting began after 24 hr and were marked by a rapid rise in plasma free FA and ketones with a concomitant decrease in plasma glucose, insulin, and leptin. Consistent with prior reports (16), significant differences in plasma free FA concentration were apparent between the sexes (Fig. 1A and 1B) , with women having higher free FAs in the postabsorptive period and men having a 4-fold greater rate of increase in concentration over a 48 fast. In vivo 1 H-MRS also revealed a previously unknown sexually dimorphic response in lean tissue distribution of lipids during a 48 hr fast, with more TG accumulation in liver of men ( Fig. 2A) but muscle of women (Fig. 2D) . Despite sex differences in plasma FA concentrations and tissue TG distribution during extended fasting, glucose and oxidative metabolism were remarkably similar between women and men (Fig. 1C, 1D and 3D ).
As expected, increased plasma free FAs and a near 20-fold induction of ketonemia during 48 hr of fasting (Table 2 ) was accompanied by a 20% reduction in plasma glucose and 25% decrease in glucose production and utilization. This reduction in glucose production was secondary to suppressed glycogenolysis ( Fig. 3B ) with no compensatory increase in gluconeogenesis. Despite increased hepatic fat oxidation, as indicated by the onset of ketosis, energy production by the TCA cycle declined significantly with fasting as hepatic redox state became progressively reduced (Fig. 3D) .
The findings of the present study are reminiscent of differences in fasting metabolism between male C57BL/6J and SJL/J mice previously reported by Guan et al. (6) . Like women, SJL/J mice were resistant to fasting-induced increases in liver TGs. This resistance was due to liver disease) is modestly, but significantly, higher in men (49) . To our knowledge, these are the first data demonstrating sexual dimorphism in the hepatic response to lipid excess in humans.
Fatty acid esterification is greater in women than in men during the postabsorptive period (3). The rise in intamyocelluar TG content in women but not men supports this finding and also suggests that skeletal muscle is an important site for re-esterification of lipolytic FAs in females.
Koutsari et al. (3) discounted muscle as a possible site for sex differences in non-oxidative FA disposal because women in that study did not demonstrate insulin resistance. In the present study, women had a greater insulin excursion upon refeeding after the 48 hr fast, consistent with impaired insulin sensitivity. However, this sex difference was not present in the post-prandial period, suggesting that the increased insulin excursion in women was related to either higher concentrations of plasma FAs, intramyocellular TGs, or both (35) . The lack of increased intramyocellular TG in fasted men in our study contrasts with data presented by Stannard et al.
(10); however, those subjects were endurance trained athletes and the duration of the fast was 24 hr greater.
Despite sex differences in FA metabolism and distribution to lean tissues with fasting, whole-body and hepatic energy metabolism were similar between women and men. We found no evidence for differences in respiratory quotient or VO 2 per lean mass between the sexes. Plasma ketone body concentrations were similar throughout the fast (Fig. 1C) , suggesting that men and women have similar rates of ketogenesis (36) . Similarly, there were no differences in the rate of hepatic oxidative metabolism at the level of the TCA cycle ( Fig. 3A and 3D) . Among all subjects, there was a reciprocal relationship between ketosis and TCA cycle activity over the course of the fast: ketosis increased while TCA cycle turnover decreased. Similar findings have been found in animal studies (37) and have been attributed to the inhibition of citrate synthase by by guest, on October 14, 2017
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high ATP and suppression of the forward dehydrogenase reactions of the TCA cycle by mitochondrial redox (NADH:NAD + ) (38) . Indeed, liver became progressively more reduced over the 48 hr fast, as indicated by a steady increase in the β-hydroxybutyrate-to-acetoacetate ratio in both sexes (P<0.001). Taken together, these data suggest that the uptake of FA by liver for delivery to mitochondria to undergo β-oxidation followed by terminal oxidation in the TCA cycle and/or ketogenesis is remarkably similar in women and men. The key difference between the sexes appears to be in the FA esterification and lipoprotein export pathways.
The transition to fasting ketosis occurred in tandem with a decline in EGP. This decrease was caused by reduced glycogenolysis (Fig. 3A and 3B ), similar to previous studies in fasting humans (39) (40) . In contrast, gluconeogenesis and its precursors (glycerol versus lactate/amino acids) was stable across 48 hrs of fasting, similar to other studies in fasting humans (reviewed in (41)). However, this finding differs from the expected transcriptional upregulation of genes such as PEPCK by fasting (42) . Since PC-PEPCK flux actually tended to decline during fasting, the transcriptional regulation of PEPCK appears less important for controlling gluconeogenic flux than previously thought (12, 43) , and may serve mainly to defend the pathway against shrinking gluconeogenic substrate supply and/or altered lipid metabolism.
Gluconeogenic flux is increased by hepatic lipid oxidation (14-15) via production of gluconeogenic cofactors (i.e. ATP, NADH) and allosteric activation of PC by acetyl-CoA (44) (45) . However, the initiation of gluconeogenic flux by oxidative metabolism appears to apply strictly to TCA cycle oxidation rather than β-oxidation per se (13) . Despite increased β-oxidation and massive ketosis during fasting, suppression of TCA cycle activity (Fig. 3D ) was attended by a decline in PC-PEPCK flux ( Fig. 3A and 3C (48) . In this case, decreased hepatic pyruvate cycling in fasting humans may support a metabolic buffering system to assure ample availability of PEP and therefore gluconeogenic potential regardless of nutritional state.
In conclusion, lean tissue TG content increased in a sexually dimorphic manner with shortterm fasting. The resistance of women to fasting-induced increases in hepatic TG content may be related to the blunted induction of plasma free FA during extended fasting and an increased propensity for uptake and storage of plasma FAs by skeletal muscle. Our findings may indicate a greater susceptibility of men to pathological accrual of hepatic TGs, providing a potential explanation for the greater prevalence of hepatic steatosis among men (49) . Likewise, these findings may help to explain differences in non-oxidative FA metabolism (3) among women and men. In contrast, no sex differences were observed in hepatic and whole-body glucose or energy metabolism. This would suggest that the major sex differences in hepatic FA metabolism are at the level of re-esterification and/or lipoprotein export. Short-term fasting did not lead to increased rates of gluconeogenesis and total endogenous glucose production decreased due to diminishing glycogenolysis during the fast. Reduced TCA cycle flux during fasting ketosis appears to limit PC-PEPCK flux but gluconeogenesis was spared by reduced pyruvate cycling, a potentially important metabolic control point for gluconeogenesis. 
